The inhibition effect of Capsella bursa-pastoris extracts (CBE) and its synergistic effect with KI (CBEK) for Q235 mild steel in 1 M HCl solution were studied by electrochemical measurements. Both CBE and CBEK can serve as eco-friendly, mixed-type inhibitors, and the inhibition efficiency increases with the concentration and temperature. The synergistic parameter (S I ) indicates a cooperative mechanism between the iodide anions and CBE molecules at lower temperature. The associated thermodynamic and kinetic data suggest the presence of CBEK on metal surface mainly through chemisorption at higher temperature. The adsorption processes follow Langmuir isotherm.
INTRODUCTION
It is well known that metal corrosion will result in the degradation and eventual failure of components and systems in the processing and manufacturing industries, which needs to be controlled or prevented by some methods, such as the barrier protection, galvanization, cathodic protection and inhibitors. Among these methods, using inhibitors, which can reduce the attack on metals by adding small amounts to the environment, is very popular. However, most of the synthetic inhibitors are expensive and highly toxic to the living systems. To avoid this situation, new class of natural inhibitors, which are extracted from nature plants, should be developed. Plant extracts, which can be obtained through simple extraction process, are generally low toxicity, ecofriendliness and inexpensive. Therefore, there has been a growing trend to try to find efficient and readily available inhibitors in natural products [1] [2] [3] [4] [5] [6] .
Generally, if two or more inhibitors are added to the same corrosive system, the inhibition effect may be much greater than the individual effect of each inhibitor, which can be called the synergistic effect [7] . Synergistic inhibition has been proven to be an effective means of improving the inhibitive efficiency, decreasing the amount of usage and diversifying the application of inhibitor. For example, halide ions either stimulate or inhibit the corrosion of metals, depending on the concentration. A high synergistic effect of iodide ions was reported through chemisorption on metal surface due to its larger size and ease of polarizability [8] . It is widely known that halide ions have synergistic effect with many organic compounds such as amines, amides, imidazolines or quaternary ammonium salts, which are strongly polar functional compounds and contain P, S, and O [9] . However, there are only a few studies on the synergistic effect of halide ions and plant extract.
Capsella bursa-pastoris, commonly known as shepherd's purse, is a wild plant, whose young leaves and roots are edible vegetables in China. Its chemical composition, including minerals, vitamin A, ascorbic acid, proteins, linoleic acid and fatty acids, is considered to be beneficial to human health [10, 11] . Besides the good nutritional value, Capsella bursa-pastoris presents important biological properties and medicinal properties, being used for antibleeding, anticancer [12] , wound-healing and antioxidant agent [13] , as well as for diabetes and fever treatment. The CBE contains mixtures of organic compounds in nature, which having nitrogen, sulfur, triple bonds and aromatic rings as effective inhibition function groups. In this study, the inhibitive effect of Capsella bursa-pastoris extract (CBE) and its synergistic inhibition effect with iodide ions (CBEK) on the corrosion of Q235 mild steel in HCl solution were studied by potentiodynamic polarization and electrochemical impedance spectroscopy (EIS) measurements. The inhibitive performance, adsorption behaviour, co-adsorption mechanism and synergistic effect were determined.
MATERIALS AND METHODOLOGY

Preparation of the electrodes
Q235 mild steel, with the chemical composition shown in Table 1 , was machined into specimens with the dimensions of 1×1×0.6 cm. A copper wire was soldered to each specimen to ensure electrical connection for electrochemical measurements. Then the specimens were mounted in PVC holder and embedded with epoxy resin with the exposed area of 1 cm 2 . The exposed surface of each specimen was ground with silicon carbide abrasive paper up to 1200 grits, and then rinsed with double-distilled water, degreased with ethanol and acetone.
Preparation of Solution
The testing solution was 1 M HCl, which was made up from analytical grade reagent and deionized water. The airdried aerial parts of Capsella bursa-pastoris was powdered in particle size lower than 0.3 mm. The Capsella bursapastoris inhibitor was extracted by adding some powders to 50% ethanol + 50% water solution for 45 min under ultrasonic condition. These extract conditions were optimized by primordial orthogonal experiments. KI with various concentrations (0.01-100 mM) was added to the solution to determine the inhibition efficiency of KI and the synergistic inhibition effect of Capsella bursa-pastoris and KI.
Electrochemical Measurements
Electrochemical measurements were carried out in a conventional three-electrode glass cell by using an electrochemical test system (CS350, China). A platinum foil was used as the counter electrode and a saturated calomel electrode (SCE), which was connected to the cell externally through a Luggin capillary tube, was served as reference electrode. All the potentials reported here were referred to this reference electrode. Polarization curves were measured from -0.25 V to 0.25 V vs open circuit potential (OCP) with a constant sweep rate of 0.5 mV/s. EIS was recorded over the frequency range of 100 kHz to 10 mHz at OCP when OCP reached steady status (within ±1 mV min -1 ). From the calculated values of charge transfer resistance (R ct ) and corrosion current density (i corr ), the inhibition efficiency (η%) was calculated from the following Eqs. (1, 2):
where R ct (uninhibited systems) and R' ct (inhibited systems) are the charge transfer resistances calculated from EIS, while i corr (uninhibited systems) and i' corr (inhibited systems) are the corrosion current densities calculated from Tafel polarization, respectively.
RESULTS
Electrochemical
Impedance Spectroscopy (EIS) Measurements Fig. (1) shows the Nyquist plots of Q235 mild steel in 1 M HCl solution in absence and presence of KI and CBEK at 25°C. It is seen that all the Nyquist plots are characterized by one depressed capacitive semicircle. This depressed capacitive semicircle should be attributed to the heterogeneity of electrode surface [14, 15] . The diameter of the capacitive semicircle increases, i.e., an increase in the inhibition efficiency, with increasing KI concentration.
Furthermore, the diameter of the capacitive semicircle in coexistence of KI and CBE is much larger than that of each individual inhibitor, indicating the synergistic effect of KI and CBE. To analyze and obtain the impedance parameters, an electrochemical equivalent circuit shown in Fig. ( 2) was used for fitting the EIS data, where R s is solution resistance, CPE is constant phase element, R ct is charge transfer resistance. The corresponding fitted values of impedance parameters are listed in Table 2 . It should be pointed out that the value of C dl was obtained by converting the constant phase element parameter (Y 0 ) with following equation [16, 17] :
where CPE-T is the frequency independent admittance; CPE-P is the power of Y 0 . From Table 2 , it is seen that the value of R ct in coexistence of KI and CBE is larger than that 
in the individual presence of CBE or KI, which indicates the higher inhibition efficiency of CBEK compared to CBE or KI. Furthermore, the value of R ct in the presence of KI is larger than that in the absence of KI. The value of R ct increases while the value of C dl decreases with increasing KI concentration. It is obvious that the adsorption extent of iodide ions on the metal/solution interface affects the value of C dl . The interfacial capacitance in the presence of KI may be expressed as follows:
where u = 1− C c / C 0 , λ = 1− C s / C 0 ; θ is the surface coverage which can be evaluated from the expression: η% = θ ×100 ; C 0 is the interfacial capacitance in the absence of KI, and C c is the interfacial capacitance in the presence of KI; C s is the interfacial capacitance whenθequals to 1. Plotting u against θ gives a straight line, as shown in Fig.  (3) . Then C s can be calculated from the slope. The obtained C s was between 70 and 60μF cm -2 . The decrease in C dl with increasing KI concentration indicates that the iodide ions adsorb on the metal/solution interface and replace H 2 O molecules. As shown in Table 2 , the value of C dl is less than 60μF cm -2 in the coexistence of KI and CBE, and the inhibition efficiency is higher in the coexistence system than that in the presence of KI or CBE. This suggests that CBE molecules also replace H 2 O molecules and directly adsorb on the metal surface. Fig. (4) shows the inhibition efficiencies of CBE and CBEK for Q235 mild steel after immerged in 1 M HCl solution for different times at 25°C. The inhibition efficiency increases with the prolongation of immersion time for both inhibitors. The inhibition efficiency is higher in the presence of CBEK than that in the presence of CBE. Furthermore, compared to the inhibition efficiency of CBE, it takes shorter time for the inhibition efficiency to reach a stable value in the coexistence of KI and CBE, which may be due to the synergistic effect between CBE molecules and iodide anions. Fig. (5) shows the polarization curves of Q235 mild steel in 1 M HCl solution in the presence of CBE and/or KI at 25°C. It can be seen that the presence of CBE causes a decrease in both anodic and cathodic current densities. The anodic and cathodic current densities further decrease with adding 2.5 mM KI suggests that both CBE and CBK are mixed-type inhibitors. Furthermore, there is no significant change (less than 85 mV) in the corrosion potential in the presence of CBE and KI [18] .
POTENTIODYNAMIC POLARIZATION CURVES MEASUREMENTS
To assess the influence of temperature and inhibitor concentration on inhibition efficiency, potentiodynamic polarization curves measurements were carried out at 25°C and 35°C with different concentrations of CBE. The values of corresponding parameters for polarization curves, such as corrosion potential (E corr ), corrosion current density (i corr ), anodic and cathodic Tafel slope (b a , b c ) listed in Table 3 , are obtained by fitting data measured in ±80～±150mV vs E corr using professional software installed in the electrochemical test system. It is seen that the corrosion current density increases with the increase of temperature in both the uninhibited and inhibited solutions. However, the inhibition efficiency of CBE or CBEK increases with increasing temperature and concentration. Furthermore, inhibition efficiency of CBEK is higher than that of CBE, as shown in Fig. (6) , which indicates a synergistic effect of these two inhibitors. 
ADSORPTION AND DESORPTION BEHAVIORS OF CBE AND CBEK
It is acknowledged that the adsorption behavior of an inhibitor can be analyzed by the adsorption mechanism, assuming a direct relationship between the inhibition efficiency (η %) and the coverage of inhibitor (θ). Fig. (7) shows a linear relationship of c/θ versus c with a proximate slope of unity and a high regression correlation coefficient (0.99). This suggests that the adsorption of CBE and CBEK on steel surface follows the Langmuir isotherm [19] , which may be expressed as follows:
where K is adsorption equilibrium constant (L mg -1 ). To study the desorption behavior of CBEK inhibitor, differential polarization curve method was applied to the anodic polarization curve data [20] .
where S is the reciprocal of the slope of every point on semilog polarization curve, and the S versus E is the differential polarization curve, as shown in Fig. (8) . E des is the desorption potential and E p is the potential corresponding to the peak of the inhibitor desorption [21] . It is observed that there are positive shifts in both the E des and E p with increasing CBE concentration at each temperature. Furthermore, the value of S is higher at 35 °C than that at 25 °C indicating that the desorption behavior of inhibitor is more prominent at 35 °C than that at 25 °C. Fig. (9) shows a half logarithm relationship between E des and CBE concentration (c), which probably suggests that the CBE concentration influence the value of E des , i.e., the CBE molecules can directly adsorb on the metal surface and then enhance the inhibition efficiency [20] . 
THERMODYNAMIC AND KINETIC PARAMETERS
It is well known that the inhibition efficiency and adsorption process of inhibitor can be evaluated by the thermodynamic and kinetic parameters. The equilibrium constant of adsorption is related to the standard free energy of adsorption, ΔG ads by:
where c solvent represents the concentration of water in solution with the value of approximate 1.0 ×10 6 , which results from the unit of K (L mg -1 ) [22] . Table 4 lists the standard free energy of adsorption (ΔG ads ) of CBE with and without KI at 25°C and 35°C. It can be seen that both the ΔG ads values in inhibited systems are negative, suggesting the spontaneity of the adsorption process and the stability of the adsorbed inhibitor layer on the steel surface. The variation trend of ΔG ads values is associated with the inhibition efficiency, i.e., the value of ΔG ads increases with temperature and a higher value in CBEK synergistic inhibited system compared to CBE alone inhibited system. Generally, ΔG ads values more negative than −40 kJ mol -1 involve charge sharing or transfer from the inhibitor molecules to the metal surface to form a coordinate type of bond (chemisorption), and ΔG ads values of approximately −20 kJ mol -1 or lower indicate the electrostatic attraction between the charged metal surface and the charged organic molecules in the solution [23] . Furthermore, a value of ΔG ads between −20 kJ mol -1 and −40 kJ mol -1 indicates two types of adsorption on the metal surface, i.e., physical adsorption and chemisorption. And chemisorption plays a more important role increasing with temperature. The values of apparent activation energy (E a ), heat of adsorption (Q ads ), can be calculated using the following equations (9, 10) [24] :
Q ads = 2.303R log
where θ 1 and θ 2 are degree of surface coverage at temperature T 1 and T 2 , respectively. Table 5 lists the values of △E a and Q ads for the corrosion of Q235 mild steel in 1 M HCl solution without and with CBE or CBEK between 25°C and 35°C, respectively. It is found that the E a value in the inhibited system is lower than that in the uninhibited system. The reduction of E a in the presence of inhibitor may be attributed to the chemisorption of inhibitor on the steel surface [25] [26] [27] . With the increase of temperature, some chemical changes occur in the inhibitor molecules, leading to an increment in the electron densities at the adsorption centre of inhibitor molecules and then an improvement in inhibition efficiency. Moreover, the E a in the coexistence of CBE and KI is much lower than that in the inhibited system of CBE alone. It is also seen that the Q ads values are positive in all the cases. The positive value of Q ads may suggest the presence of chemisorption adsorption [28] . The variation trend of Q ads is associated with the inhibition efficiency, i.e., Q ads increases with temperature and a higher value in CBE and KI synergistic inhibited system compared to CBE alone inhibited system. 
DISCUSSION
Generally, for the interaction of inhibitors A and B, the synergism parameter (S I ) is defined as follows [29] :
whereη a andη B are the inhibition efficiencies of inhibitors A and B, respectively, andη A+B is the inhibition efficiency for the combination of inhibitors A and B. Generally, S I approaches 1 when inhibitors A and B have no interaction on each other at the metal /solution interface, while S > 1 indicates a synergistic effect. In the case of S < 1, antagonistic effect prevails, which may be attributed to competitive adsorption. The calculated values of S I for different CBE concentrations with certain iodide ions concentration are listed in Table 3 . It is seen that the value of S I is more than unity and decreasing with rise in concentration at 25°C, which suggests a synergistic effect between CBE and KI, and the effect weakens at higher CBE concentration. And the variation of S I at 35°C is the same with that at 25°C. However, S I decreases to below unity when CBE concentration reaches 60 ppm at 35°C. This maybe due to the easier adsorption of CBE onto the steel surface when the concentration and temperature increasing.
In the absence of iodide ions, the inhibitive action of CBE is due to the composition of numerous organic compounds [30] [31] [32] and may react with the ferrous ions, which result from the dissolution of steel (anodic reaction) [33] , to form organometallic complex such as [Fe-CBE] to reduce hydrogen evolution reaction (cathodic reaction) according to the following mechanism [34] :
At the same time, it is well known that the steel surface charges positive charge in acid solution and most plant molecules can be protonated in the acid medium as follows:
In this case, it would be difficult for the protonated CBE molecules to approach the positively charged steel surface because of electrostatic repulsion. However, in the presence of iodide ions, the anions are specifically adsorbed on the steel surface due to the smaller degree of hydration, which allows the protonated CBE molecules to easily approach the steel surface [35, 36] . The protonated CBE may adsorb on the steel surface through iodide ions to form organo -iodide -metallic complex such as [Fe-I-CBEH x ]
x-1 according to the following mechanism:
Thus, in the coexistence of CBE and iodide ions, two adsorption modes [Fe-CBE], and [Fe-I-CBEH x ]
x-1 , should account for the synergistic inhibition effect. These complexes might adsorb on steel surface mainly through chemisorption, while electrostatic interaction and van der Waals force also play a role in forming a stable protective film, resulting in an inhibitive effect [37, 38] .
CONCLUSION
Capsella bursa-pastoris extracts (CBE) can be used as an effective, eco-friendly inhibitor for mild steel in acid environment.
The inhibition efficiency is further enhanced in the coexistence of CBE and KI (CBEK), and it takes shorter time for the inhibition efficiency to reach a stable value in the presence of CBEK compared to CBE, which may be due to the synergistic effect between CBE molecules and iodide anions i.e., the protonated CBE adsorb on negatively charged metal surface after adsorbing iodide ions.
Both CBE and CBEK act as mix-type inhibitors. The inhibition efficiency increases with the concentration, temperature and immersion time. The differential polarization curves suggest that both the desorption potential (E des ) and the peak potential (E p ) shift positively with increasing CBE concentration and temperature, i.e., a more stable protective film at higher temperature and inhibitor concentration.
The adsorption of CBE and CBEK on metal surface obey Langmuir adsorption isotherm. The apparent activation energy (E a ) and heat of adsorption (Q ads ) are support the chemisorption process. While the free energy of adsorption (ΔG ads ), support both the physical adsorption and chemisorption are spontaneous exist, and chemisorption plays a key role at higher temperature.
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